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concentrations are about two-to 100-fold higher in inflorescence apices that are 91 fully exposed to sunlight compared with those kept in shade. Consequently, 92 inflorescences with higher ethylene concentration usually produce female 93 flowers, whereas those with lower levels produce male flowers 25 . 94 To date, about one third of the Catasetinae (i.e. ca 100 species) are 95 known to have ESD. Therefore, the group provides a unique opportunity to 96 study its evolutionary context in a phylogenetic framework. A recent study 97 provided strong support for three independent origins of sexual plasticity in 98
Catasetinae 14, 26 . ESD evolved in Catasetum, Cycnoches and Mormodes, always 99 from a protandrous ancestor. Protandry, in turn, was found to be the ancestral 100 condition in the so-called core Catasetinae (Catasetum, Clowesia, Cycnoches, 101
Dressleria and Mormodes). ESD could be a switch in the evolution of dioecy 102 (i.e. spatial separation of sexes) 21 , as observed in other plant lineages with sexual 103 plasticity such as Fuchsia and Hebe 27-29 . 104 It is still unclear whether the independent origins of ESD occurred 105 synchronously and under the same environmental conditions in a single 106 biogeographical region or evolved asynchronously in different regions, possibly 107 under different environmental conditions. It also remains elusive whether 108 lineages with ESD are associated with higher diversification rates compared 109 with hermaphroditic lineages. In view of its rarity, we hypothesise that ESD 110 could be a disadvantageous system leading to lower diversification rates. 111
Alternatively, ESD could be evolutionarily unstable and could thus represent a 112 transitional state rather than a stable reproductive system. 113
The extremely high orchid diversity is thought to be related with the 114 evolution of novel traits and the invasion of novel environments 30 , possibly 115 confounding analysis of the effects of ESD in orchid diversification. Therefore, 116
we also investigated the impact of epiphytism 10,31 and male euglossine-bee 117 pollination 21,30 on the diversification dynamics of Catasetinae. Epiphytism and 118 male euglossine-bee pollination are traits that occur in all ESD species of 119
Catasetinae, but these traits are shared with some Catasetinae species that have 120 alternative reproductive systems 24 (see Methods). Therefore, it is possible that 121 these traits might have influenced the diversification of the subtribe, yet their 122 specific contribution to diversification rates are still unknown. 123
The limited knowledge on the evolutionary dynamics of ESD in orchids 124 stems partly from the lack of well-sampled species-level phylogenies 5 . This is 125 particularly true for Catasetinae, in which previous studies did not attain even 126 taxon sampling, thus leaving species-rich clades dramatically underrepresented 127 (e.g. Catasetum; see [32] [33] [34] ). In the current study, we generate the first densely 128 sampled phylogeny of Catasetinae. We combine data on species distribution and 129 a wide range of comparative phylogenetic methods to reconstruct the 130 evolutionary history of ESD. We then infer the biogeographic history of 131 Fig. S8 ). Therefore, discriminations between 198 particular environments were not detected ( Fig. S7-S9 ), as bioclimatic variables 199 representing precipitation and temperature contributed similar amounts of 200 variance to PCA axes 1 and 2 ( Fig. S7, S8) . Overall, the ordination of climatic 201 niche space of lineages based on the bioclimatic variables indicated no evidence 202 for general ecological segregation between lineages with and without ESD ( The overwhelmingly low frequency of lineages with ESD compared to 310 the vast majority of hermaphrodite angiosperms 5 could suggest that sexual 311 plasticity is a disadvantageous mating system or that it is evolutionary unstable. 312
However, our study shows that Catasetinae clades with ESD have higher 313 speciation rates than those with other sexual systems (i.e. adichogamy, 314 protandry; Fig. S11 ). Here, the overarching comparison of speciation rates 315 obtained from all analysed traits revealed a greater contribution of ESD 316 evolution to the diversification dynamics of Catasetinae (rates ~1.6-fold higher 317 than in lineages with other sexual systems). In contrast, the evolution of epiphytism (~1.2-fold higher) and male euglossine-bee pollination (~1.17-fold 319 higher) affected diversification in the Catasetinae, but to a lesser extent. 320
Our ancestral character estimation analysis does not reveal any loss of 321 ESD, suggesting that it is an evolutionary stable system in Catasetinae that has 322 been maintained for up to 5 million years. Nevertheless, diversification in 323
Catasetinae has also been prompted by the gain of traits that were earlier shown 324 to influence diversification rates of Neotropical orchids in general (i.e. male 325 euglossine-bee pollination 21 66 . For the newly 443 sampled taxa, we sequenced nuclear ribosomal external and internal transcribed 444 spacers (ETS and ITS, respectively), a fragment of the Xdh gene, and also a 445 ~1500 bp fragment of the plastid gene ycf1, and the trnS-trnG intergenic spacer. 446
Amplification settings and sequencing primers used for ITS, ETS, Xdh, trnS-447 trnG, and ycf1 are specified in Table S2 . 448
Loci were aligned using MAFFT 7.1 67 and were further manually checked, 449 yielding a total matrix of 281 taxa and 8104 nucleotides (~24% parsimony informative 450 sites). Congruence between nuclear and plastid datasets was assessed following Pérez-451
Escobar et al. 34 , and using PACo 68 (Appendix S1). The procedure is available as a 452 pipeline (http://www.uv.es/cophylpaco/) and was also employed to identify operational 453 terminal units (OTUs) from the plastid dataset conflicting with the nuclear dataset 454 (potential outliers detected by PACo are shown in Fig. S1-S2) . A detailed explanation 455 on PACo and a rationale on outlier handling is provided in the Extended Materials and 456
Methods section of Appendix S1. the R (Fig. S7 ). We further explored the contribution of bioclimatic variables to 518 axes with the most variance by plotting the loadings of every bioclimatic 519 variable onto the axes (Fig. S8, S9) . 520
To avoid spurious results arising from inclusion of correlated variables 521 63,85 , we determined the Pearson's correlation coefficients between the variables 522 and altitude and then included only variables with a Pearson's correlation 523 coefficient <0.5, taking a single variable in correlated clusters. This way, we 524 selected altitude, BIO 15 (precipitation seasonality), BIO 18 (precipitation of 525 warmest quarter) and BIO 19 (precipitation of coldest quarter) as a set of 526 maximally uncorrelated variables. We analysed these variables using the R-527 package VEGAN 86 to perform non-dimensional metric scaling analyses 528 (NMDS) using the dataset of 1372 georeferenced herbarium specimens. 529 530
Ancestral character estimation 531
We coded for absence (state 0) and presence (state 1) of ESD in 131 532 species of Catasetinae, plus eight taxa of Cyrtopodiinae (see below). We 533 sampled 68 of the 164 known species with ESD in Catasetinae (i.e. ~41% of the 534 ESD diversity). Information on occurrence of ESD was obtained from the 535 literature 24, 58, 87 . We estimated the origin of ESD within Catasetinae using a 536 stochastic character mapping approach implemented on a maximum likelihood 537 framework for ancestral character estimation analysis (ACE) implemented by 538 the function make.simmap in the R-package PHYTOOLS 88 . Under this 539 approach, we fitted single (ER), symmetrical (SYM), and asymmetrical 540 character transition rate models (ARD) and performed stochastic mapping on 541 1000 iterations using the maximum clade credibility tree derived from the 542
BEAST dating analysis (see above). Eight members of the Neotropical genus 543
Cyrtopodium were selected as outgroup taxa, and they exhibit hermaphroditic 544 flowers (i.e. no ESD). 545
To assess whether ancestors with ESD and those with alternative sexual 546 systems differed in their climatic niche preferences back in time, we performed 547 ACE analyses of the same nineteen bioclimatic variables plus altitude, obtained 548 from georeferenced occurrences (see Climate niche analyses section of 549 Methods). ACE of absolute mean values relied on a Maximum Likelihood 550 framework, and were performed on a phylogeny derived from the character 551 stochastic mapping analysis of ESD (using ER as transition rate model, see 552
Results). We then visualized the variation through time of all variables (Fig. 3) , 553 using the function phenogram of the R-package PHYTOOLS 88 . We also plotted 554 mean ancestral values and their corresponding 95% confidence intervals (CI) 555 estimated for every node of the Catasetinae phylogeny, using the R-package 556 GGPLOT2 89 (Fig. S10) . 557 558
Trait-dependent diversification analyses 559
We tested whether linages with ESD (state 1) had higher speciation rates 560 than hermaphroditic, monoecious clades (state 0). In addition, to tease apart the 561 contribution of biotic variables to Catasetinae diversification that are known to 562 positively influence diversification rates in orchids, we investigated the 563 evolutionary dynamics of male euglossine-bee pollination and epiphytism in the 564 subtribe. The former trait occurs in all species of the genera Catasetum, 565
Clowesia, Cycnoches, Mormodes and Dressleria 21,24,90 , while the latter occur in 566 all species of Catasetum, Clowesia, Cycnoches, Mormodes, Dressleria 24 , and 567 part of Galeandra species 52 . We relied on the Binary State Speciation and 568
Extinction (BiSSE) model 91 to estimate diversification rates associated with each 569 trait. We used the R-package DIVERSITREE 91 to perform eight diversification 570 models in the maximum likelihood framework on 100 randomly sampled dated 571 trees from the Bayesian divergence times analysis. We tested eight models with 572 different configurations of speciation, extinction, and transition rates between 573 characters. Detailed settings for binary-trait dependent diversification analyses, 574 and simulations to account for type I error biases 92 are provided in Appendix S1. 575 Tables  1   Table 1 . Best models and parameter values of BiSSE analysis on lineages with ESD 2 vs. alternative sexual systems, epiphytism vs. other plant habits, and male euglossine-3 bee pollination vs. other pollination systems. 4 
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